Hyper proliferation of vascular smooth muscle cells (VSMCs) contributes to neointima formation in atherosclerosis and the response to vascular injury. Understanding how to control VSMC proliferation would advance the effort to treat vascular disease. Drug responses are often different among patients with the same vascular disease condition, making it difficult to cater patientspecific treatments (existence of heterogeneity). Thus, we examined variations in response to drug treatments using VSMC spheroids that mimic vascular disease condition in vivo. FAK and its downstream Rho GTPases (Rac, Rho, and Cdc42) control cell-cell contact and play a key role in vascular pathology. Here, we tested the importance of FAK and Rho GTPases in spheroid formation. VSMC spheroids were made using a hanging-drop method with either inhibitors or vehicle control. Changes in morphology were used as a key indicator of spheroid response to drug treatment. A machine learning (ML) image segmentation (VGG16-U-net) was used to segment the spheroid images. After the morphological features were extracted from the segmented images, a two-level cluster framework was used to cluster VSMC spheroids into different morphologies. We found that FAK and Rho GTPases are required for normal spheroid formation. Next, we analyzed the various morphologies of disrupted spheroids resulting from drug treatment using our ML pipeline. The first-level clustering analysis showed the presence of 4 clusters of spheroids with rounded and disrupted morphologies. The subsequent second-level clustering analysis identified the presence of four distinct morphological clusters among these disrupted spheroids, and they exhibited differential responses to FAK and Rho GTPases inhibition. Particularly, we found FAK and Rho specific morphological phenotypes, thus suggesting that there may be two distinct pathways governing VSMC spheroid formation.
INTRODUCTION
Vascular smooth muscle cell (VSMC) proliferation, which is regulated by the cell cycle machinery, is critical to many biological processes in vascular biology and disease. Uncontrolled VSMC proliferation is one of the main features of atherosclerosis and vascular restenosis, which contributes to vascular hyperplasia, neointima formation, and vessel thickening and hardening.
Neointima formation in atherosclerosis and the response to vascular injury can reduce blood flow by partially occluding the vessel (Fig. 1) 1 . Though VSMC proliferation occurs during normal vascular development and repair of vascular injury, pathologies arise when VSMCs fail to cease proliferation once vascular remodeling has been completed, as occurs in neointima formation and atherosclerotic stenosis 2 . Endovascular surgical procedures including balloon angioplasty are used to open the occluded vessel and restore blood flow. However, a major consequence of this technique is the reintroduction of neointima hyperplasia and thus restenosis of the blood vessel (vascular injury). Although, the introduction of stents coated with anti-proliferative chemicals has perhaps made the most meaningful clinical impact in recent years on reducing neointimal thickening. The highly toxic, nonspecific chemical agents used in these settings also increase the risk of thrombotic cardiovascular events, by interrupting the healing response around the stents, further complicating the treatment of neointima hyperplasia 3 . Thus, we have focused on further exploring the direct inhibition of specific molecular mediators of VSMC function responsible for neointima formation in vivo, which may be used therapeutically to prevent neointima formation.
To study the formation of the neointima, we used a 3D spheroid-based suspension culture method. Note that the spheroid model is a commonly used technique in investigating tumor formation, which results from hyper-proliferation, increased cell-cell adhesions, and increased extracellular matrix (ECM) production and deposition. In our study, we used VSMCs, a major cellular component of neointimal lesions, and developed a 3D VSMC spheroid system that mimics restenosis-like neointima formation. VSMCs are held together in the neointima and in the 3D spheroid by cell-cell adhesion associated with proteins like cadherin [4] [5] [6] . VSMCs forming the neointima on the vessel wall and spheroids in vitro function due to the interactions among cells, between cells, and the surrounding ECM secreted by the cells. The involvement of extracellular matrix (ECM) in the regulation of proliferation and the phenotypic modulation of VSMCs has been a focus of research on neointima formation after vascular injury. The ECM plays an important role in neointimal thickening because it contributes between 60% and 80% of mass to the neointimal formation 7 . ECM modifications are sensed by integrin, a transmembrane protein that facilitates cell-ECM adhesions and mechanical signal transduction 8 . Integrins cluster at the cell-ECM interaction site and increase the overall strength of the cell attachments to the surface of ECM.
The signal transduction by integrin begins when it binds to ECM proteins and induces activation of many proteins attached to them in the cytosolic domain within the cells. Focal adhesion kinase (FAK) is a non-receptor tyrosine kinase and one of the major focal adhesion proteins in cells activated by ECM-integrin interactions 9 . Among other functions regulated by FAK, in our study cell-cell adhesions are of major focus in neointima formation. The integrity of the spheroid architecture and the hyperplasia plaque is maintained by cadherins that are responsible for cellcell adhesion and increased proliferation of VSMCs. N-cadherin is shown to be upregulated in VSMCs as a result of vascular injury 10 . N-cadherin has been shown to affect cell-cell adhesions as well as cell migration, proliferation and apoptosis [11] [12] [13] .
FAK regulates cellular functions through various downstream small G-proteins including
Rac, Rho and Cdc42. These small G-proteins act as dynamic molecular switches within the cell, alternating between a GDP-bound inactive state, and a GTP-bound active state. Rho activity has been shown to promote stress fiber formation, focal adhesion formation, and cell contractility.
Rho-associated protein kinase (ROCK) 14 , a downstream target of Rho, is essential for integrinmediated cell-cell adhesions and is involved in myosin light chain phosphorylation, which leads to the formation of focal adhesions. Rho/ROCK inhibitors have been used in animal models of vascular injury to prevent restenosis 15 . FAK regulates Rho activity through SFKs (Src family of tyrosine kinase), and can potentially regulate cell-cell adhesions and spheroid formation through Rho 16 . Rac regulates actin polymerization, membrane ruffling, lamellipodia extension, and cadherin-based cell-cell adhesion. FAK is the upstream regulator of Rac and could influences spheroid formation potentially through Rac mediated cell-cell adhesion. Finally, activation of Cdc42 is necessary for actin polymerization and tension development in tracheal smooth muscle tissues 17 . An increase in Cdc42 activation has been also shown to increase actin polymerization in the cell-cell adhesion junctions. Cdc42 is known to regulate the β-catenin-cadherin-mediated cell-cell adhesion. Currently, there are no described scientific reports specifically associated with Cdc42 and blood vessel formation or function, which makes it a potential new target to study with respect to spheroid and neointima formation [17] [18] [19] [20] .
Automated image segmentation techniques have been focused on analyzing the shapes (morphologies) of spheroids to better understand their biological significance. We studied the morphology of 3D VSMC spheroids and its biological significance in response to drug treatment.
The first step in studying the shape of spheroids is to identify the outline or boundary of the spheroids. Edge detection or boundary analysis is an image processing technique for finding the boundaries of objects within images. Edge detection works by detecting discontinuities in brightness. The most common and typical segmentation methods like intensity thresholding fail to analyze the boundary parameters using phase contrast or bright-field images. These segmentation methods are required to use fluorescent images to precisely analyze the boundaries of spheroids as certain boundary features have a similar intensity to the background field of the image. Recent developments in supervised image segmentation techniques have made segmenting complex cell shapes possible with higher precision without fluorescent labeling and solved the issue of boundary analysis by learning more boundary parameters. U-Net, VGG16, DeepEdge, DeepCountour are available natural image segmentation methods proposed for a machine learning (ML)-based cell boundary determination technique that requires minimal training data to learn boundary parameters. These techniques are human-assisted, semisupervised learning techniques that use manual segmentation to learn pixels on the boundaries of objects for better segmentation of object boundaries.
The U-Net convolutional neural network architecture is commonly used for the precise segmentation of images. The U-Net architecture works with very few training images and could learn boundary parameters to identify cellular boundaries with little human supervision. In total, the network has 23 convolutional layers, hence more boundary features could be studied in relatively lesser time 21 . The VGG16 convolutional neural network model is designed for largescale image recognition with greater depth. The architecture is shown to achieve excellent performance even when used as a part of a relatively simple pipeline and requires minimum training data 22 . We used the combination of the two high-performance segmentation algorithms to segment the spheroid images as previous literature showed that combining VGG-16 with U-Net is less prone to errors in segmentation compared to solely using U-Net 23 In this study, we examined the importance of FAK and downstream small G-protein (Rac, Rho, and Cdc42) signaling in 3D VSMC spheroid formation. We proposed FAK-Rac, FAK-Rho and FAK-Cdc42 mediated pathways for VSMC spheroid formation and maintenance of spheroid structural integrity through N-cadherin mediated cell-cell adhesion. We found that FAK and downstream small G-proteins' inhibition disrupted VSMC spheroid morphology, indicating that FAK, Rac, Rho and Cdc42 are required for normal spheroid formation. Interestingly, inhibition of FAK, Rac, and Rho, but not Cdc42, caused a significant reduction in N-cadherin expression.
Furthermore, we computationally represented the variations in drug responses amongst VSMC spheroids. Fascinatingly, the clustering analysis showed the presence of morphological subpopulations amongst the VSMC spheroids that arise due to treatment with the drugs. The morphological subpopulations seen in the cluster signal the presence of possible biological cues that could be targeted for developing pharmacological treatments which are targeted to a particular shape/morphology.
RESULTS

FAK inhibition disrupts spheroid formation
FAK is a key signaling molecule in the regulation of vascular cell-cell contact formation, vascular development and network stability 24, 25 . To test the importance of FAK activity in 3D VSMC spheroid formation that mimic neointima formation on the vessel wall in vivo, we cultured human VSMCs (hVSMCs; Fig. 3A and 3B) and mouse VSMCs (mVSMCs; Fig showing FAK inhibition to be important in VSMC spheroid disruption that N-cadherin could be a potential downstream regulator of FAK-mediated VSMC spheroid formation. To assess Ncadherin that mediates FAK, Rac, Rho, and/or Cdc42 signals into VSMC spheroid formation, we examined the total levels of N-cadherin induction by immunoblotting. A significant reduction in Ncadherin expression was observed with FAK inhibition as compared to control spheroids ( Fig.   6A ). In spheroids treated with 20 µM EHT1864 and 20 µM Rhosin, modest reduction of N-cadherin expression was observed, respectively ( Fig. 6B and 6C ). Interestingly, however, inhibition of Cdc42 with ML141 did not affect N-cadherin induction ( Fig. 6D ). Additionally, these results indicate that FAK-Rac and FAK-Rho signaling pathways selectively regulate the formation of VSMC spheroid through N-cadherin.
FAK, Rac, and Rho inhibition disrupts spheroid formation through N-cadherin
Developing a VGG16-U-Net semantic segmentation to study VSMC spheroid formation
The data presented in figures 4 and 5 showed that both control and FAK, Rac, Rho or Cdc42inhibited spheroids were widely varied in morphology and formation. Thus, we further examined changes in spheroid morphology and formation using a ML image segmentation, followed by kmeans clustering analysis to visualize the presence of morphological subpopulations resulting from drug treatments.
First, spheroid boundaries were manually drawn on a subset of images using Pixel Annotation Tool (Fig. 7A ), and these annotated images were then used to train the VGG16-U-Net. When provided with new images outside the training set, the trained algorithm identified boundaries with 95% accuracy. This learning rate was plotted as dice coefficient vs. training loss and was observed that loss was reduced with increasing epoch (training cycle) number (Fig. 7C ).
The test images were provided to the evaluation algorithm and the output of the raw image masked over by binary images was developed ( Fig. 7B , middle panel). The images visually provided confirmation that the algorithm was trained to the best efficiency. Lastly, the morphological features of the spheroid images were extracted by the trained VGG16-U-Net segmentation architecture and the z-score was normalized. Plotting the values in the Umap plot showed the presence of variation in spheroid morphology and formation in response to drug treatment.
Morphological features identify the variations in spheroid formation in responses to drug treatment.
Four morphological features were selected relating to the roundness of the object. These four features were plotted as an Umap plot, a dimensionality reduction technique ( Fig. 8) 30, 31 . The data points on the plot represent morphological features extracted from spheroid images treated with different drug treatments (FAK, Rac, Rho, and Cdc42 inhibitor) or vehicle control (DMSO). The plot in figure 8 showed the data points corresponding to each drug or DMSO treatment group scattered through the plot area. This plot indicated the presence of morphological variations in drug response. Further, k-means clustering was used to cluster the points into various morphological clusters.
Coarse clustering analysis defines the presence of morphological subpopulations
The Umap plots were obtained by plotting feature vectors from spheroid images. A community detection technique was used to determine the number of clusters for k-means clustering. The value for the number of nearest samples with the highest silhouette value was used as the cluster number ( Fig. 9A ). The resulting plots showed the presence of 4 distinct clusters with varied fractions of DMSO and drug-treated spheroid groups (Fig. 9B ). The k value of 4 was picked based on the silhouette values for the number of nearest samples between 2 and 200. A cluster value of 4 showed the least overlap between clusters and mostly positive silhouette values when the silhouette map was plotted ( Fig. 9C ). The distribution of spheroid morphologies in each cluster was represented as a proportion of data points in each cluster (Fig. 10A ). The cluster number was plotted along the x-axis and the proportions are represented along the y-axis. It was observed that hVSMC spheroids with DMSO were mostly present in cluster 1 (about 65% of the total DMSO, Fig 10B) . PF573228 treated hVSMC spheroids were present in clusters 2 and 4 about 50% and 40% of the total, respectively. Spheroids in clusters 2 and 4 were mostly non-circular or displayed disrupted morphology. Cluster 1 had the highest proportion of 5 μM and 10 μM EHT1864 (about 70% of total) and 5 μM and 10 μM Rhosin (60% of the total). Cluster 3 had over 80% of the total ML141 treated spheroids ( Fig. 10B ). When spheroid images were mapped to the clusters, the spheroids in clusters 1 and 3 showed rounded morphology. The spheroids in clusters 2 and 4 represented more of a disrupted or dispersed morphology ( Fig. 11 ).
Fine tuning analysis shows the presence of four distinct clusters with disrupted morphology
To get finer clusters of more disrupted/dispersed spheroids, the spheroids in the clusters 2 and 4 were subjected to further morphological feature extraction. DMSO treated spheroids were manually removed, to take into account only the disrupted morphology. The 15 features were specially selected to represent the morphologies of disrupted spheroids as referred in chapter The four clusters were plotted and proportionality plots were drawn (Fig. 14A ). The cluster distribution showed that cluster 1 had the maximum number of FAK inhibited spheroids and cluster 3 had the maximum number of Rho inhibited spheroids. Rac inhibited spheroids were distributed between all four clusters ( Fig 14B) . Due to the coarse clustering analysis, Cdc42 spheroids were mostly distributed in clusters 1 and 3 and others were manually removed. Hence, they were not observed in the fine clustering.
The data points from the clusters were used to identify the spheroid images from which they were obtained. Once the spheroids were identified the images were then organized based on the morphological subpopulation that was observed post clustering and two representative images were displayed on the cluster Umap plot (Fig. 15A ). Clusters 1 and 2 that contained the maximum FAK treated group spheroids showed the least disruption in spheroid formation, and clusters 3 and 4 showed the greatest disruption in spheroid formation (Fig. 15B ).
The data obtained from both coarse clustering and fine-tuning clustering analyses were then combined to display the distributions of VSMC spheroids treated with inhibitors of FAK, Rac, Rho or Cdc42, or DMSO. The proportionality plot for six clusters (clusters 1 and 3 from coarse clustering Figure 10B and clusters 1-4 from fine clustering figure 114B ) was plotted. The resulting proportionality plot and the total data set of spheroid images were clustered into 6 (2 rounded and 4 disrupted) different morphologies ( Fig. 16 ).
DISCUSSION
VSMC proliferation is a key contributor to neointima formation in vascular pathology. Several studies have demonstrated that FAK and its downstream small G-proteins (Rac, Rho, and Cdc42)
are key regulators of VSMC proliferation, mostly by using a 2D cell culture system 12, 33 . Yet, the role of FAK and small G1-proteins on the proliferation of VSMCs in a 3D model has not been well explored. In this study, we examined the role of FAK and downstream small G1-proteins in regulating 3D VSMC spheroid formation, a model of neointima formation. We found that FAK, Rac, and Rho but not Cdc42 were found to disrupt spheroid formation and interestingly, we also identified the presence of morphological subpopulations in response to drug treatments using a VGG16-U-net semantic segmentation and K-means clustering analysis.
VSMC spheroids as a model system for neointima formation
Neointimal plaques are aggregations of proliferating and adherent VSMCs, which are a shared property of cell spheroids. Thus, the suspension based culture method can be used as a natural in vitro model for studying neointima formation through assessment of spheroid disruption patterns after treatment of drugs that block proposed pathways that favor neointima formation. In vitro cell aggregates form a complex 3D architecture and intensive cell-cell contacts. These contacts are mandatory for the normal function of most tissues. VSMCs are held together in the neointima generated and in the 3D spheroid by cell-cell adhesion associated proteins like cadherins. VSMCs in the neointima, like spheroids, sustain functions due to cellular interactions, and internalized signals from the surrounding ECM secreted and maintained by the cells.
Neointima in vivo develops with damage to the arterial wall, followed by platelet aggregation at the site of injury, recruitment of inflammatory cells, proliferation and migration of VSMCs, and ECM deposition. While this process resolves smaller insults to the arterial wall, its persistence in chronic injury becomes pathological, creating the need to resolve these changes This collective process in vessel wall insult resolution is not accounted for in my VSMC spheroid model as it only comprises that of neointima formation-specific VSMC functions, and a major limitation. However, my focuses on disrupting neointima formation may lead to treatments that prevent the narrowing of blood vessels and reduces blood flow. Also, given the rapid workflow of forming spheroids with drug treatments and imaging those using bright field microscopy, this model is convenient as a high-throughput drug screening technique and may become a powerful tool in the study of neointima biology.
In our VSMC spheroid 3D model, we used a modest 2000 cells per spheroid that give a small overall spheroid size being roughly a few hundred microns, which drastically reduces necrotic damage to its core. Other spheroid culture models require a large cell count and the use of a matrigel matrix to aid spheroid growth 34 . Moreover, the external matrigel could significantly affect Spheroidization, making my model more functional along with being more cost-effective. Our observed result of a spheroid disruption using FAK inhibitor could potentially be regulated through downstream proteins Rac, Rho, and Cdc42, therefore that could have resulted in a reduction in adhesion proteins leading to loss of cell-cell contacts.
FAK is required for VSMC spheroid formation
We found that spheroid disruption occurs when treated with a Rac inhibitor (EHT1864) at 20uM concentration. A study using mesenchymal stem cells showed that N-cadherin mediated cell-cell adhesion and expression is modulated by Rac signaling 36 . Bae et al., (2014) showed that there is an increase in tissue stiffness after a fine-wire vascular injury to the intimal layer. VSMCs that upregulate Rac also exhibit downstream N-Cadherin activation in response to vascular injury and increased stiffness 12 . In my study, the disruption of spheroids could due to cell-cell adhesion loss, given Rac's role in promoting cell adhesion 35 . Collectively, FAK is the upstream regulator of Rac and N-cadherin expression is reduced in the absence of activation of the prior two, we suggest a potential signaling pathway where FAK influences spheroid formation through Rac mediated cell-cell adhesion.
Rhosin (Rho inhibitor), at 20 μM concentration, also disrupted spheroid formation and led to a significant reduction in N-cadherin expression. Activation of Rho in VSMCs has been shown to affect cytoskeletal remodeling by both inducing actin stress fiber depolymerization and inhibiting the myosin light chain phosphatase, which are under Rho control. The same study found that cadherin dependent cell-cell contacts destabilized when endogenous Rho was inhibited 37 .
FAK regulates Rho activity through SFKs (Src family of tyrosine kinase) and now, we have shown that FAK can potentially regulate cell-cell adhesions and spheroid formation through Rho 16 .
Unlike Rac and Rho, we found that Cdc42 inhibition using ML141 resulted in disruption of spheroid formation with no significant changes in N-cadherin levels. The direct connection of Cdc42 to VSMC mediated hyperplasia and NI formation remains unexplored. Cdc42 is known to regulate attachment of actin fibers to the sites of cell-cell adhesion, inhibition of Cdc42 could have resulted in a reduction in levels of adherent junction proteins (e.g., occludin, desmosomes) other than N-cadherin 38 Results shown in our study suggest that there are significant morphological subpopulations in 3D VSMC spheroid formation in response to drug administration, which have been overlooked in previous analyses and studies. Overall, this is the first step towards developing an automated ML approach for quickly and precisely analyzing the various effects of drugs on neointima formation and identifying subpopulations among drug-treated vascular spheroids. Our study will allow for a better understanding of vascular biology and characterizing the pathophysiology of vascular diseases like atherosclerosis and vascular injury.
METHODS
Cell culture and drug treatment
Primary human vascular smooth muscle cells (hVSMCs, ATCC) and mouse VSMCs (mVSMCs, Cell Biologics) were cultured as previously described 42, 43 . hVSMCs were used at passages 4-10. were allowed to aggregate by gravity. The cultures were maintained at 37°C and 5% (mVSMCs) or 10% (hVSMCs) CO2. VSMC spheroids formed after 24 to 48 hours of incubation. Images were taken at 10X magnification using an upright Olympus BH-2 microscope equipped with a digital camera (AmScope) to assess spheroid formation.
Protein extraction and immunoblotting
Total cell lysates were prepared from hVSMC and mVSMC spheroids. Spheroids were collected 
VGG16-U-Net based semantic segmentation
The U-Net based image segmentation was designed to automatically segment the spheroid images. The morphological features of the object of interest are extracted. The framework could be divided into two parts: an encoder that extracts image features and a decoder that identifies the edge location using the extracted features. In order to use a limited number of training images, the pre-trained VGG-16 model is reused in the encoder and extracts features in a different level.
The second difference from U-net is that in the decoder, a simpler and asymmetric framework is incorporated to detect the edge, which substantially reduces the model complexity. In comparison to U-net, the VGG16-U-net includes fewer trainable parameters, which will use much fewer training sets. Training the model with very limited images and evaluating the performance on the entire dataset to identify the challenging regions were possible with higher precision. The model can be retrained iteratively until a satisfied performance is achieved.
The working chain of operation starts with the manual segmentation of boundaries. This is followed by training the algorithm to identify spheroid boundaries by learning boundary parameters.
i. that are also in the region) and Eccentricity (An ellipse whose eccentricity is 0 is a circle, while an ellipse whose eccentricity is 1) (Fig. 2) . Based on the distribution of spheroids in these clusters, a proportionality plot (see 
Manual segmentation:
Statistical analysis
Data are presented as mean + standard deviation (SD) of the indicated number of independent experiments. Data were analyzed using student t-test. Results with p-values lower than 0.05 (*), 0.01 (**), or 0.001 (***) were considered to be statistically significant. 
